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ABSTRACT 
 
 
 Effective pharyngeal swallowing requires the neuromuscular coordination of 
several important events.   Swallowing is a complex neuromuscular activity that consists 
of three phases; oral, pharyngeal and esophageal phase.  This thesis proposes and 
investigates that timing and order of the anatomical structures due to the movement of the 
“two-sling model” musculature in hyolaryngeal elevation during the pharyngeal swallow 
and activation of such during a swallow are crucial to the difficulties faced post-stroke.  It 
focuses on the question: does the timing and order of anatomical structural movement 
within the complex of movements causing hyolaryngeal elevation in stroke patients affect 
the efficiency of the overall swallow?  Test and control groups were created, by age and 
gender matching the 20 subjects in each group (40 subjects total).  The data was collected 
from patient records, using the Boston Medical Center – Medical Record Database, and 
video fluoroscopic swallowing studies.  A total of 4 swallows were analyzed per subject 
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(160 total swallows analyzed), one for each of the four bolus types used in the recorded 
modified barium swallows: thin barium, nectar thick barium, pudding barium, and 
cracker with barium.  Points of interest within the video swallows were located on the 
anterior hyoid, and the anterior and posterior vocal fold edges (above the air column); all 
measured at both minimum and maximum values to obtain time and distance 
calculations.  Those results were then averaged for each subject before analyzed against 
the rest of the subject set (a total of 40 averaged data sets).  Coordinates were recorded 
from two time points using the ImageJ program: minimum and maximum hyolaryngeal 
excursion and then mathematically converted into multiple kinematic measurements of 
hyolaryngeal movement. 
 Linear regressions analyzed to evaluate the strength of relationship to hyoid-
laryngeal order did not reveal strong statistical correlations of how well the produced 
regression lines approximated the real data points.  Using two-tailed paired t-test analysis, 
we failed to reject Ho since the t-values were greater than -1.729 and less than 1.729.  We 
did not have statistically significant evidence at α = 0.05 to show that there is a difference 
between the experimental and control groups for all three of the analyzed variables.  Even 
though the t-test data showed no difference between the three tested variables within the 
experimental and control groups, we did see 40% of the experimental group show an 
abnormal anatomical initiation of movement during the swallow, showing the larynx 
moving prior to the hyoid.  Pearson coefficient calculations analyzed the relationships 
between (1) hyoid excursion (cm), (2) laryngeal elevation (cm), and (3) timing (ms) to 
hyoid-laryngeal latency (ms) and revealed the strongest positive association of 
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predictability, r = 0.993, to be found in the experimental group within the timing to 
hyoid-laryngeal latency comparison; predicting timing duration from the hyoid-laryngeal 
latency.  The experimental group relationship of laryngeal elevation to hyoid-laryngeal 
latency produced the weakest association of predictability of r = 0.056.   
 Average rates of speed were approximately 50% slower for the experimental 
group than that of the normals for all five of the calculated relationships; (1) hyoid 
excursion to total time, (2) laryngeal elevation to total time, (3) hyolaryngeal elevation to 
total time, (4) hyoid excursion to latency time, and (5) laryngeal elevation to latency 
time.  The relationship with the fastest average rate of speed was found in the control 
group laryngeal elevation to total time, 188.71cm/ms.  The slowest average rate of speed 
was calculated to be 1.06cm/ms and was in the experimental group relationship of hyoid 
excursion to latency time.  The experimental group produced an average PAS score of 
1.9, while the control group had an average of 1.0 on the 8-Point Penetration-Aspiration 
Scale (Rosenbek & et al, 1996).  These results lead us to believe that within this data set, 
the stroke patients’ speed was decreased for all structural movement and order was 
altered with the individual movements of hyoid excursion, laryngeal elevation in 
comparison to the controls.  However, when linked within the t-test analysis, the timing 
and movement of anatomical structural movement within hyolaryngeal elevation are not 
significantly different in stroke patients than in comparison to swallows in normal 
patients. 
 Although these results are not what we expected, they do lead to some other 
important questions to be asked about the swallow in stroke patients versus that of a 
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normal patient.  We could use the same predictor variables but combine them in different 
ways to see if these four variables can aid in prediction and prevention of various medical 
conditions that can arise post-stroke.  We could also look at what is it that makes the 
experimental (stroke patients) group have increasing excursion rates that produce longer 
time intervals between hyoid-laryngeal firing.  This experiment allows for a lot of other 
potential experiments that can be completed over varying durations of time.  The 
relationship of the timing and order of anatomical structural movement within 
hyolaryngeal elevation in stroke patients could be the key to answering that unasked 
question. 
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Introduction: 
 Swallowing is a complex neurological reflex that involves a sequence of multiple 
phases: oral, pharyngeal, and esophageal (Hinds & Wiles, 1998).  If one of the steps 
along the way is destroyed or interrupted, the subsequent phases are also detrimentally 
affected.  A primary focus of recent studies has been on the pharyngeal phase of 
swallowing.  This phase is an intricate set of events that utilizes over twenty different 
muscles and skeletal elements.  One critical event in the pharyngeal phase of swallowing 
is the elevation of the hyolaryngeal complex, which relocates the larynx anteriorly away 
from the trajectory of an oncoming bolus and stretches open the upper esophageal 
sphincter (Matsuo and Palmer, 2008; Okuda & et al, 2008). 
 The hyolaryngeal complex is comprised of the hyoid bone, larynx, and other 
associated skeletal structures and musculature.  This complex connects the pharynx with 
both the trachea and the esophagus.  Reduced hyolaryngeal elevation and mis-timing of 
anatomical movements are commonly associated with aspiration in post-stroke patients 
(Martino & et al., 2005).  This thesis explores whether the order and timing of anatomical 
structural movements within hyolaryngeal elevation affects the efficiency of the overall 
swallow and the severity of aspiration recorded in stroke patients. 
 Effective pharyngeal swallowing requires the neuromuscular coordination of 
several important events.  Within the voluntary oral phase of swallowing, the mandible 
depresses and the lips opening to allow the entrance of food into the oral cavity (Matsuo 
& Palmer, 2008).  A food bolus is then formed through moistening, mastication, and 
compression.  In order for the bolus to enter the pharynx, the muscle orbicularis oris 
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muscle contracts and closes the lips to form a seal of the anterior oral cavity.  The 
superior longitudinal intrinsic muscle of the tongue elevates the apex of the tongue to 
make contact with the hard palate and propel the bolus to the posterior portion of the oral 
cavity (Flowers & Morris, 1973).  The bolus then enters the pharyngeal phase of 
swallowing, which is an involuntary reflex.  Receptors initiating this reflex are 
proprioceptive afferent branches of the glossopharyngeal nerve (cranial nerve IX) and 
efferent impulses from cranial nerves IX and X via the pharyngeal plexus (Clave & et al, 
2006).   
 As food passes posteriorly, the nasopharynx is closed to prevent food reflux into 
the nasal cavity when the soft palate is tensed by the tensor veli palatini muscle and 
elevated by the levator veli palatini muscle.  The suprahyoid and longitudinal pharyngeal 
muscles force the pharynx and larynx superiorly and anteriorly, so the food bolus can 
pass the larynx and descend into the esophagus (Sonies, Parent, Morrish, & Baum, 1988).  
Anterior arytenoid tilt to cover the glottis along with true vocal fold closure is the 
primary protective mechanism by the laryngopharynx-airway, as this mechanism 
prevents aspiration of food into the airway.  If this mechanism is incomplete or fails, 
aspiration can cause major clinical implications in the future.  Cortical lesions within the 
brain may give rise to difficulty in controlling the voluntary movements of chewing, thus 
impairing transportation of the food bolus during the oral phase of swallowing; 
pharyngeal stage problems increase the chances of tracheal aspiration or penetration 
(Mann, Hankey, & Cameron, 1999; Remesso & et al, 2011).  Penetration is defined as a 
swallowing event when food or saliva enters the airway below the vocal folds and is then 
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rejected by an act such as a cough, while aspiration is when the food or saliva enters the 
airway and is not rejected (Remesso & et al, 2011).  Dysphagia, or difficulty swallowing, 
may be associated with aspiration of saliva or food due to a weakness in the vocal fold 
closure, which by extension can cause lung infections, dehydration or malnutrition.  This 
difficulty in swallowing is an independent sign of worse outcomes and increased 
mortality after stroke (Remesso & et al, 2011; Han, Paik, & Park, 2001). 
 Contraction of the thyroarytenoid muscles adducts the vocal folds to seal the 
airway (Matsuo & Palmer, 2008).  Retroversion of the epiglottis contributes additional 
protection from laryngeal penetration and aspiration, and also directs the bolus laterally 
within the pharynx towards the piriform recesses.  Lastly, pharyngeal elevation coincides 
with elevation of the larynx by the stylopharyngeus, salpingopharyngeus, 
palatopharyngeus and inferior constrictor muscles (Flowers & Morris, 1973).  The final 
key feature of pharyngeal swallowing is hyoid elevation, which is completed by the 
digastric and stylohyoid muscles and occurs before or simultaneously with the elevation 
of the larynx.  There are some theories that believe this relationship is a primary driving 
mechanism for hyolaryngeal elevation.  These theories state that the elevation of the 
hyoid pulls and anchors the larynx both anteriorly and superiorly during the swallow 
(Kahrilas, Logemann, Lin, & Ergun, 1992). 
 The two-sling muscle model is a model of movements performed by the various 
muscles within the pharynx and larynx during a swallow.  This model describes a 
bilateral muscle system, consisting of an anterior and posterior muscle sling (Pearson et 
al 2012).  The anterior sling is composed of the suprahyoid muscles (geniohyoid, 
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stylohyoid, anterior digastric, posterior digastric, and the anterior and posterior portion of 
the mylohyoid muscles), which have proximal attachment to the mandible and to the 
cranial base and insert distally on the body of the hyoid (Flowers & Morris, 1973).  The 
posterior muscular sling consists mainly of the stylopharyngeus and palatopharyngeus 
muscles.  The palatopharyngeus attaches superiorly into the palatine aponeurosis and 
muscles of the soft palate.  This superior attachment is elevated by the actions of the 
tensor veli palatini and the levator veli palatini muscles (Okuda & et al, 2008).  These 
two muscle slings function together as components of a system to elevate the 
hyolaryngeal complex; a mechanism that is thought to decreases the risk of aspiration. 
 There are multiple brain areas that have a role in the normal neural control of 
swallowing.   Functional imaging has been used to examine areas of increased cortical 
activation during both voluntary swallowing and swallowing prompted by cues.  During 
voluntary swallowing, the most consistent cortical activation is seen in the primary motor 
and somatosensory cortices (Martin & et al, 2004).  The greatest area of fMRI activation 
in the primary motor cortex is over the mid-inferior lateral portion of the precentral gyrus 
that corresponds with what is already known to be a region that represents the face, 
tongue, and pharynx (Komisaruk & et al, 2002; Mosier & Bereznaya, 2001).  During a 
voluntary swallow, the cortical activation is usually bilateral with some areas showing 
hemispheric dominance in the left hemisphere.  This may be why some studies in stroke 
patients with dysphagia have shown a preponderance of left hemispheric lesions (Mosier 
& et al, 1999).  The areas most consistently activated in all tasks, both cued and 
voluntary, are the lateral precentral gyri, postcentral gyri, supplementary motor area, and 
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insular cortex (Mosier & Bereznaya, 2001; Hamdy, 1999).  Damage to one or more of 
these areas, by a stroke or other medical disorder, can lead to dysphagia (Steele & Miller, 
2010).  Damage to these areas of the brain can affect the order of movement among the 
structures and muscles that are activated for swallowing. 
 Based on the American Heart Association’s Heart Disease and Stroke Statistics 
2012 Update, each year 795,000 people experience a new or recurrent stroke (Roger 
& et al, 2012).  Of all strokes, 87% are ischemic and 10% are intra-cerebral hemorrhagic 
strokes, whereas only 3% are subarachnoid hemorrhage strokes.  Some studies have 
suggested that recovery from stroke-related dysphagia can take anywhere from two to 
four weeks after the episode occurs; however, it has been shown that six months after an 
ischemic stroke, deglutition abnormalities are present in as many as 50% of patients 
(Remesso & et al, 2011).  As ischemic strokes are the most common type of stroke, there 
is need for additional research into its relationship to the recovery period of dysphagia.  
Studies on the incidence or effects of dysphagia in relation to all stroke patients in a 
general category are common.  Because of the broad range of patients affected and the 
variety of symptoms they display, there is a need to examine the effects of stroke in a 
more focused way, comparing each specific stroke category (e.g., ischemic, intra-cerebral 
hemorrhagic, etc.) and their individual affects on dysphagia.  
 While the normal sequence of anatomical movements in swallowing is well 
documented, a focus has not been placed on the small anatomical structural movements, 
like those of the hyoid bone and laryngeal complex, in relation to each other.  This thesis 
uses the two-sling model of swallowing to investigate the relationship between the timing 
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and order of key anatomical movements in stroke patients compared to subjects with 
normal swallowing.  This study will test the following hypotheses:  
1. During swallowing, the larynx will move relatively earlier than the 
hyoid in stroke patients, whereas the hyoid will move earlier than the 
larynx in normal controls. 
2. Compared to those of normal controls, the stroke patients’ swallows 
will: (1) have significantly longer and slower swallowing durations, 
(2) hyoid excursion rates will be shorter, and (3) laryngeal elevation 
rates will be extended in comparison to the controls.   
3. The movements of the hyoid and laryngeal complex will occur 
relatively later in the sequence of swallowing events in stroke patients 
than they do in the normal controls. 
4. Using an 8-Point Penetration-Aspiration Scale (Rosenbek & et al, 
1996), stroke patients will demonstrate poorer penetration-aspiration 
severity than will those in the control group. 
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Methods: 
 This thesis is a continuation of the work completed by William Pearson in his 
2012 dissertation, A Two-Sling Mechanism of Hyolaryngeal Elevation in the Pharyngeal 
Phase of Swallowing, for his Doctorate Degree (PhD) from Boston University.  
Hyolaryngeal elevation and the order and timing of anatomical structural movements are 
thought to be a critical function in swallowing.  These actions are key to protecting the 
airway and stretching open the upper esophageal sphincter to successfully complete a 
swallow.  To originally test whether or not the function of the two-sling mechanism was 
important to favorable swallowing, swallowing kinematics of post-treatment head and 
neck cancer (HNC) patients were compared to those of age and gender matched patients 
judged to have “normal” swallowing function by a speech-language pathologist.  The 
methods used in this paper are similar to those used with the head and neck cancer 
patients analyzed in the Pearson dissertation (Chapter 7, see Appendix A for more 
details). 
 Data was collected for the original experiment from patient records using the 
Boston Medical Center – Medical Record Database, and from video fluoroscopic 
swallowing studies located in the patients’ records.  A total of 4 swallows were analyzed 
per subject (160 total swallows analyzed), one for each of the four bolus types used in the 
Modified Barium Swallow procedures: thin barium, nectar thick barium, pudding barium, 
and cracker with barium.  Those results were then averaged for each individual subject 
before being analyzed against the rest of the subject set (40 averaged data sets).  
Swallowing outcomes (penetration-aspiration and residue) were assessed in both groups 
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to verify that poor swallowing function characterized the test group as compared with the 
control group.  Poor swallowing outcomes include: penetration of bolus into the vestibule 
of the larynx, aspiration of bolus through the vocal folds into the trachea, and retention of 
bolus in the pharynx after swallowing (residue).  Kinematic measurements of the anterior 
and posterior slings, including the duration of excursion and the distance of excursion, for 
both the hyoid and the laryngeal complex, were compared between the test and control 
groups.  Morphometric analyses evaluating shape change of the two-sling mechanism 
associated with hyolaryngeal elevation were compared in the two groups as well, using 
four predictor variables.  The four-predictor variables being used in this experiment were 
timing (hyoid excursion duration minus laryngeal excursion duration in milliseconds), 
hyoid excursion distance in centimeters, laryngeal excursion distance in centimeters, and 
hyoid-laryngeal latency in milliseconds.  Hyoid-laryngeal latency is defined as the timing 
difference between the onset of movements between the hyoid and the larynx in 
milliseconds. 
  Using a kinematic analysis of the two sling mechanism as visualized in Dynamic 
MRI, Pearson reported that he and a radiology resident at Boston Medical Center 
independently mapped nine coordinates, which define three skeletal levers (cranial base, 
mandible, and vertebrae) and elements of the hyolaryngeal complex (hyoid, laryngeal 
cartilages and associated structures including the cricopharyngeus, which forms the upper 
esophageal sphincter) on video files of dynamic MRI and on modified barium swallows 
(Pearson1, 2012).  Coordinates were recorded from two time points: minimum and 
maximum hyolaryngeal excursion.  The coordinates were then mathematically converted 
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into kinematic measurements of hyolaryngeal movement focusing on distance 
(centimeters) and time (milliseconds) intervals.  Hyoid excursion, the distance of hyoid 
displacement, was measured from two different axes of reference (mandible and 
vertebrae) to determine if the axis of reference chosen altered the result when measuring 
hyoid movement. 
 For the current study, a review of patient records was used to establish a control 
group and test group.  The Boston University Medical Campus Institutional Review 
Board approved this protocol.  All of the data in the current study were collected from 
these patients’ Modified Barium Swallow (MBS) procedures, imaging studies that had 
been collected under routine radiographic protocols approved by Boston Medical Center.  
A test group (n=20, with an average number of test boluses equaling n1=7) was collected 
from this database using the criteria of having had a stroke (coded as CVA or TIA within 
the database, for ‘cerebral vascular accident’ and ‘transient ischemic attack’, 
respectively) documented within their medical records and having been seen and treated 
for such diagnosis.  A control group (n=20 individuals, n2=7 average number of test 
boluses) of patients without stroke who were determined to have normal swallows by the 
examiner conducting the study, was created by gender and age matching normal subjects 
to the test group. 
 Once collected, the videos were spliced using the trim tool using QuickTime 
Player software (Pearson1, 2012), to have each swallow as a separate video clip.  
Individual swallows ranged from ten seconds to 120 seconds.  Once the swallows were 
spliced and organized into the individual subject files they were uploaded into the ImageJ 
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program (Pearson1, 2012) for data analysis.  The multi-point selections tool was used to 
mark the nine anatomical landmarks (Figure 1) in all frame of interest.  We began data 
analysis by choosing the frame of interest and then following this procedure: (1) Record 
the first nine coordinates from the frame preceding the onset of hyolaryngeal elevation 
relevant to pharyngeal swallowing  (2) record the next nine landmarks (points 10-18) 
from the frame at maximum hyoid excursion feature of the hyolaryngeal complex  
 
Figure 1 – Nine Point Landmarks 
 
 The nine point landmarks are as follows: 1. Mandible – inferior border of it as it intersects with 
compact bone, 2. Hard palate – where anterior edge of mandible crosses it, 3. Atlas – anterior point of the 
tubercle of it, 4. Cervical vertebrae number two (C2) – anterior-inferior edge of this vertebrae, 5. Cervical 
vertebrae number four (C4) – anterior-inferior edge of this vertebrae, 6. Upper esophageal sphincter 
(UES) – inferior point of hypopharynx proximal to this, 7. Posterior vocal fold (postVF) - posterior 
superior edge above the air column, 8. Anterior vocal fold (antVF) - anterior superior edge above the air 
column, and 9. Hyoid - anterior inferior edge.   
20	
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(coordinates 6-9); (3) Mark Coordinates 1-5 and then do 6-9 making sure 1-5 do not 
move from their original places  (4) Cut and paste results from ImageJ into a spreadsheet 
set up to transpose the data.  The equations used to analyze the data are a combination of 
the Pathagorean theorem and trigonometric functions (Figure 2) (Pearson1, 2012).   
 
 
Figure 2: Trigometric Transformation of Coordinate Data 
 
Trigonometric transformation of coordinate data into the excursion of the hyoid using the axes of the 
vertebrae. Point 1=x,y coordinate of C1, point 2=x,y coordinate of C4, and point 3=x,y coordinate of the 
hyoid. c=axis of reference, B=angle of interest, a=hypotenuse. *Any distance between coordinates is 
derived using Pythagoras’ theorem as demonstrated by length a. ** Any angle of interest is derived using 
the law of cosines as demonstrated by angle B by using calculations of lines a,b, and c. Anterior 
displacement of point 3 in reference to the axis of reference (line c) is =i’-i, where i’=sin(B’)a’ and 
i=sin(B)a. Superior displacement of point 3 in reference to the axis of reference (line c) is = ii’-ii, where 
ii’=cos(B’)a’ and ii=cos(B)a. Total excursion distance is calculated by applying Pythagoras’ theorem to 
the total anterior and superior displacement of the hyoid with the hypotenuse equaling the total excursion 
distance. These formulas, here applied to hyoid excursion in reference to the vertebrae, can be utilized to 
map the movement of any feature against a chosen axis of reference in any frame of measurement. 
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These measurements are taken at both the minimum excursion, when the bolus is at the 
base of the tongue just prior to swallow initiation, and maximum excursion, or the highest 
anterior-superior movement of the hyoid during swallow.  The distance measurements 
calculated from these landmarks (Figure 3) can be used to determine dimensions like 
anatomical excursion rates or elevation heights, along with measurements of time, and  
 
 
Figure 3 – Distance Measurement Calculations 
 
 Measurements calculated in the spreadsheet include distance measurements: (1) Hyoid excursion 
with vertebrae as a reference (Anterior Muscular Sling); (2) hyolaryngeal approximation (thyrohyoid);  (3) 
Posterior thyroid approximation to cranial base (Posterior Muscular Sling); and (4) Pharyngeal 
shortening (Posterior Muscular Sling).  Each measurement was reported in centimeters and against a 
subject specific anatomical scalar of C2-4 length (Pearson1, 2012).   
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the order of muscular or skeletal movements.  The anatomical measurements that are 
focus points in this experiment are hyoid excursion, laryngeal elevation, hyoid-laryngeal 
latency, and the timing of when all of these occurred.   
 The swallowing measures that are assessed in this study include penetration and 
aspiration.  To measure penetration and aspiration a 1-8 ordinal scale called the 
Penetration-Aspiration Scale (PAS) was used (Rosenbek et al., 1996).  In this scale 1 is 
considered normal.  PAS scores of 2-5 indicate penetration of the bolus into the laryngeal 
vestibule with higher numbers indicating greater severity of penetration.   Scores of 6-8 
indicate aspiration.  If needed, additional information and details can be found in 
Appendix A.    
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Results: 
 The first part of data analysis in this experiment focused on the hyoid excursion 
distances and laryngeal elevation distances, which were analyzed with linear regressions 
to evaluate the strength of their relationship to the hyoid-laryngeal temporal latency; see 
below in Figure 4.  The excursion and elevation calculations represented a distance 
measurement recorded in centimeters while the hyoid-laryngeal latency is a time variable 
recorded in milliseconds.  Results of the linear regression analyses showed that the 
relationships analyzed between the laryngeal elevations and hyoid-laryngeal latency 
produced small positive correlations, while both the relationships analyzed between the 
hyoid excursions and hyoid-laryngeal latency produced small negative correlations.  It 
was found that the strongest relationship was in the experimental group analysis that 
analyzed hyoid excursion to hyoid-laryngeal latency relationship.  This data set produced 
a linear equation of Y = -0.0272x + 0.7172, and an R² = 0.023.  While these numbers 
reveal the strongest relationship of the four tested, the low R
2
 value indicates that the data 
does not fit the regression line very well.  Based on these results, it stands to reason that 
the dependent variable, hyoid-laryngeal latency, cannot be predicted by either of the 
independent variables, hyoid excursions rates or laryngeal elevation rates within either of 
the two test groups; control versus experimental.   
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Figure 4: Linear Regression between Excursion/Elevation Distance and Time from onset of Hyoid   
 movement to the onset of Larynx movement 
 
 
 The linear regressions looked at the relationship between hyoid excursion and laryngeal elevation 
(both calculated in centimeters) and their individual influences on the hyoid-laryngeal latency (calculated 
in milliseconds).  The linear regression equations and R
2
 values calculated in excel were as follows:  1. 
Experimental-hyoid excursion: y = -0.0272x + 0.7172, R² = 0.023, 2. Experimental – laryngeal elevation: 
y = 0.0078x + 0.3278, R² = 0.00354, 3. Control – hyoid excursion y = -0.0006x + 0.021, R² = 0.02547, and 
4. Control – laryngeal elevation: y = 0.0005x + 0.0024, R² = 0.02168. 
 
 
 The second part of data analysis completed within the experiment used t-tests to 
compare the control and experimental group variables to each other.  These statistical 
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tests looked at three variables within the overall experiment; (1) Hyoid Excursion 
(distance measurement in centimeters), (2) Laryngeal Elevation (distance measurement in 
centimeters), and (3) Timing (duration/time measurement in milliseconds).  The t-values 
produced from the t-test for all three variables can be seen below in Table 1.  The values 
were all compared to a critical value of 1.729 representing a confidence interval of 90% 
for the two-tailed paired t-test completed for the variables.  For all three variables 
analyzed, (1) hyoid excursion, (2) laryngeal elevation, and (3) timing (duration), we 
failed to reject Ho since the t-values were greater than -1.729 and less than 1.729.  We do  
 
 
Table 1: T-test Analysis between Experimental and Control Group Variables  
  
 T-test data analysis completed between the experimental and control groups for (1) Hyoid 
excursion in centimeters, (2) Laryngeal elevation in centimeters, and (3) Timing (duration) in milliseconds.  
The data was computed at a two- tailed paired t-test and then compared to a critical value of 1.729 for a 
confidence interval of 90%.  The decision rule set up stated that one rejected Ho if t ≤ -1.729 or if t ≥ 1.729.  
These tests were completed to see if there was a difference between the distance and timing calculations 
found between the control and experimental groups.     
 
 
 
T - Values Critical Value 
Hyoid Excursion 0.178   
Laryngeal Elevation 0.004 1.729 
Timing (Duration) 0.258   
 
 
not have statistically significant evidence at α = 0.05 to show that there is a difference 
between the experimental and control groups for the three variables.     
 Pearson coefficient analysis was completed for both experimental and control 
groups to look at the strength of association predictability value between different sets of 
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variables.  We looked at the relationship of hyoid excursion, laryngeal elevation, and 
timing of hyoid-laryngeal latency.  The dependent variables were: (1) hyoid excursion 
(cm) and (2) laryngeal elevation (cm), and (3) timing (duration) which represented the 
amount of time, in milliseconds, that it took the entire hyolaryngeal complex to move 
from minimum to maximum elevation during the swallow.  Hyoid-laryngeal latency was 
used as the independent variable measured in milliseconds, and represented the timing 
difference between the initiation of movements between the hyoid and the larynx.  The 
results of the analysis can be seen in Table 2.  The relationship that revealed the strongest 
positive association of predictability of hyoid-laryngeal latency, r = 0.993, was found in 
the experimental groups within the timing to hyoid-laryngeal latency comparison.  These  
 
Table 2: Experimental and Control Pearson Coefficient Analysis  
 
 Pearson coefficient (r) analysis completed for both experimental and control groups to look at the 
association value between different sets of variables.  The stronger the association, closer to a values of 1 
or -1, between the two variables the more accurately one can predict a variable from the knowledge of the 
other.  The independent variable (hyoid-laryngeal latency in milliseconds) was compared to three different 
dependent variables: (1) Hyoid excursion in centimeters, (2) Laryngeal Elevation in Centimeters, and (3) 
Overall Timing – the amount of time in milliseconds to get the entire hyolaryngeal complex from minimum 
to maximum values during the swallow.  The relationship values calculated can be seen below:   
 
 
 
Dependent Variable Independent Variable Pearson Coefficient 
 Hyoid Excursion Hyoid-Laryngeal Latency -0.244 
Experimental Laryngeal Elevation Hyoid-Laryngeal Latency 0.056 
  Overall Time Hyoid-Laryngeal Latency 0.993 
  Hyoid Excursion Hyoid-Laryngeal Latency -0.0899 
Control Laryngeal Elevation Hyoid-Laryngeal Latency 0.147 
  Overall Time Hyoid-Laryngeal Latency 0.573 
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results indicate that an increase in the timing produces an additional increase in the 
hyoid-laryngeal latency within the experimental group.  A similar result is seen in the 
Control group, but the association between these variables is not as strong.  The strongest 
negative association of predictability of hyoid-laryngeal latency was in the experimental 
group between the hyoid excursion and hyoid-laryngeal latency, r = -0.244; when hyoid-
laryngeal latency increases, there is a slight decrease in hyoid excursion amounts.  These 
results reveal a significant association of predictability between timing and hyoid-
laryngeal latency within both experimental and control groups.  The overall amount of 
time that the hyolaryngeal complex took to move from minimum to maximum elevation 
during the swallow is positively correlated to that of the timing difference between the 
initiations of movement for each of the individual anatomical structures. 
 Speed rate calculations for the movements of the hyoid, larynx, and hyolaryngeal 
complex during hyolaryngeal complex elevation were also determined for both groups 
(Table3).  The relationship that produced the fastest average rate of speed was the 
laryngeal elevation rate in the control group (188.71 cm/ms).  The hyoid excursion to 
latency time relationship in the experimental group produced the slowest average speed 
of 1.06cm/ms.  Laryngeal elevation to latency time calculated within both groups 
revealed similar rates of speed 53.55cm/ms in the experimental and 52.08cm/ms within 
the control.  These results show that the experimental groups demonstrate an 
approximately 50% decrease in speed rates of movement in comparison to normal 
controls.  
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Table 3: Experimental and Control Speed Values of Anatomical Structures 
  
  
 Average speed (cm/ms) calculations completed for both the experimental and control groups.  The 
variables used were as follows: (1) Hyoid excursion – the difference between minimum and maximum 
excursion in centimeters, (2) Laryngeal elevation – the difference between minimum and maximum 
elevation in centimeters, (3) Hyolaryngeal elevation – the distance the entire complex moved in centimeter, 
(4) Total time – the amount of time in milliseconds to get the entire hyolaryngeal complex from minimum to 
maximum values during the swallow, and (5) Latency time – the timing difference between the initiation of 
movements between the hyoid and the larynx in milliseconds.  The average rate of speeds calculated can be 
seen below: 
 
 
 
Rate of Movement during HL complex 
elevation Ave. Speed Rate (cm/ms) 
 Hyoid Excursion to Total Time 37.27 
  Laryngeal Elevation to Total Time 61.73 
Experimental Hyolaryngeal Elevation to Total Time 49.50 
  Hyoid Excursion to Latency Time 1.06 
  Laryngeal Elevation to Latency Time 53.55 
  Hyoid Excursion to Total Time 68.78 
  Laryngeal Elevation to Total Time 188.71 
Control Hyolaryngeal Elevation to Total Time 128.74 
  Hyoid Excursion to Latency time 21.43 
  Laryngeal Elevation to Latency time 52.08 
 
 We also found that, for the experimental group, they had an average PAS score of 
1.9, with a range of aspiration/penetration from 1 to 7, on the 8-Point Penetration-
Aspiration Scale (Rosenbek & et al, 1996).  The entire control group however, produced 
PAS scores of 1.0 out of a possible 8.0.  Another interesting find within the data collected 
for this experiment was that 40% of the experimental group showed an abnormal 
 20 
anatomical order of firing during the swallow.  The laryngeal complex initiated 
movement prior to the hyoid movement during a swallow, which is the direct opposite of 
a normal swallow.  These results lead us to believe that within this data set, the stroke 
patients’ speed was decreased for all structural movement and order was altered with the 
individual movements of hyoid excursion and laryngeal elevation in comparison to the 
controls.  However, when linked within the t-test analysis, the timing and movement of 
anatomical structural movement within hyolaryngeal elevation are not significantly 
different in stroke patients than in comparison to swallows in normal patients.   
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Discussion: 
 Stroke, one of the most common causes of brain injury, can often result in a 
catastrophic cerebral insult leading to significant disability or even death.  The high 
interest of research in this area of study today is due to the severity of its effects on its 
patients.  In terms of both central nervous system location and resulting disability, stroke 
is easily identifiable by non-invasive imaging, making it a useful tool for studying 
neuroplasticity after cerebral injury in humans (Counsell & et al, 1995).  A number of 
studies have confirmed that 40% or more of patients with various types of stroke may 
have dysphagia, or swallowing difficulties (Hamdy & et al, 2000).  Dysphagia is not only 
disabling to patients, commonly compromising diet, nutrition, and hydration, but also has 
the potential to cause serious complications such as dehydration and aspiration 
pneumonia if left undiagnosed or untreated (Mann, Hankey, & Cameron, 1999).   
 The focus of this study was to analyze hyolaryngeal excursion, which is one 
important component of the pharyngeal swallow.  Several tests, including the clinical 
bedside swallowing assessment, have been suggested to diagnose and manage dysphagia, 
but video-fluoroscopic swallowing studies are one accepted standard for detecting and 
evaluating swallowing abnormalities (Gordon, Hewer, & Wade, 1987).  This is why 
modified barium swallows and video-fluoroscopic imaging were chosen as the method of 
viewing the patients’ swallows in the current study.  Diagnosing dysphagia in stroke and 
other neurological diseases can be difficult and therefore requires a high level of clinical 
skill.  The pattern of disordered swallowing in stroke is usually a combination of oral and 
pharyngeal abnormalities, a typically delayed swallowing reflex with pooling or stasis of 
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residue, reduced pharyngeal peristalsis and weak tongue control, but occasionally 
esophageal abnormalities may also be apparent (Hamdy, Roth well, Aziz, & Thompson, 
2000).  This thesis looks into the possibility that stroke patients have an abnormal 
anatomical firing pattern, which increases the hindrance of their swallows.  We 
specifically asked if the timing and order of anatomical structural movement within 
hyolaryngeal elevation in stroke patients affected the efficiency of the overall swallow.     
 In a normal swallow, the larynx elevates because of the hyoid bone excursion, 
moving superior and anteriorly secondary to contraction of the mylohyoid, geniohyoid, 
stylohyoid, and anterior digastric muscles (McConnel, 1988).  This means that the hyoid 
bone moves a few milliseconds before the laryngeal elevation begins.  We were 
expecting to see a variation of firing order between our experimental and control groups; 
the larynx will move before the hyoid in the experimental group.  We completed four 
different linear regression analyses to examine the relationship between hyoid excursion 
and laryngeal elevation (both calculated in centimeters) and their individual influences on 
the hyoid-laryngeal latency (calculated as a variable of time in milliseconds).  We found 
that hyoid-laryngeal latency cannot be predicted by either of the independent variables, 
hyoid excursions rates or laryngeal elevation distance, within either the control or 
experimental test groups (Figure 4).  Besides the fact that none of the relationships 
analyzed showed strong correlations, what was interesting was the fact that both 
relationships analyzed between the laryngeal elevations and hyoid-laryngeal latency 
produced small positive correlations, while both the relationships analyzed between the 
hyoid excursions and hyoid-laryngeal latency produced small negative correlations.  
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Even though the data did not reveal a relationship between the variables, these negative 
and positive correlations suggest a future experiment to explore the relationship between 
laryngeal elevation distances and time intervals between hyoid-laryngeal firing.      
 Next we looked at the relationship between three variables for both the control 
and experimental groups: (1) hyoid excursion, (2) laryngeal elevation, and (3) timing 
(duration).  Two-tailed paired t-test analyses were completed for all three of the desired 
variables.  For all three variables analyzed, (1) hyoid excursion, (2) laryngeal elevation, 
and (3) timing (duration), we failed to reject Ho since the t-values were greater than -
1.729 and less than 1.729.  Therefore, there is no difference between the experimental 
and control groups for all three of the analyzed variables.  While this pairing comparison 
of variables did not produce what the expected results, the results do suggest questions 
that should be explored in future experiments.  For the current study, we did not have the 
data on how long before the videos were taken the subjects had their strokes.  It is 
possible that the data is from a mix of subjects with more and less severe symptomology, 
which would obscure differences from normal swallows (i.e., some of the subject stroke 
patients could have been relatively recovered, so the swallows would present as relatively 
normal).  For future studies, one could use the same variables but combine them in 
different ways to see if their interactions can aid in the prediction and prevention of 
various issues that can arise post-stroke.  Standard clinical measures, like compensatory 
techniques or head location during a swallow, that are available at rehabilitation facilities 
admission used today carry predictive power to define management strategies for stroke 
survivors (Armstrong & Mosher, 2011).  Implementation of evidence-based management 
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strategies could improve outcomes and reduce overall costs.  Multiple management 
algorithms have been created and proposed that might increase the efficiency of stroke 
rehabilitation programs and might allow comparisons of efficacy between different 
treatment settings (Alexander, 1994). 
 Average speed rates of movement (cm/ms) of various anatomical structures in the 
experimental and control groups were compared.  The rates of the following movements 
during hyolaryngeal elevation were compared: (1) Hyoid excursion – the difference 
between minimum and maximum excursion in centimeters, (2) Laryngeal elevation – the 
difference between minimum and maximum elevation in centimeters, (3) Hyolaryngeal 
elevation – the distance the entire complex moved in centimeter, (4) Total time – the 
amount of time in milliseconds to get the entire hyolaryngeal complex from minimum to 
maximum values during the swallow, and (5) Latency time – the timing difference 
between the initiation of movements between the hyoid and the larynx in milliseconds.  It 
was found that while the hyoid excursion to latency time relationship in the experimental 
group produced the slowest average speed of 1.06cm/ms, the laryngeal elevation to total 
time relationship in the control group had the quickest speed rate of 188cm/ms.  These 
relationships show that the individual movements of the hyoid and larynx can have 
significant influence on both the overall timing and latency time along with the order of 
the hyolaryngeal complex during a swallow.  The interesting finding of this section of the 
study is that the rates of all three movements in the stroke patients were about half that of 
normals.  This corresponds to the longer duration of hyoid-laryngeal elevation and the 
fact that if a structure moves more slowly, it will take longer to complete its movement.  
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A reduction in swallowing capacity due to reduced volume of bolus or increased 
time/decreased speed of the swallow may be expected as a compensation for a wide rage 
of abnormal swallowing behavior mechanisms; especially in stroke patients (Hinds & 
Wiles, 1998).  Therefore measurement of the degree of slowing, or a lower average speed 
rate of swallow, is likely to be a valid indicator of abnormal swallowing.  While these 
individual movements had varying effects on average speed calculations, both the 
experimental and control groups produced similar speed rates for the laryngeal elevation 
to latency time relationship; experimental = 53.55cm/ms and control = 52.08cm/ms.   
 A disordered esophageal phase of swallowing is not usually a major cause of 
dysphagia following a stroke (O’Neill, 2013) but the rate of individual movements could 
have a significant influence on the overall outcome of a swallow.  This is something that 
should be continuously investigated through the evaluation of rates of initiation of 
individual movements and overall speed rates of swallows.  Is there a specific amount of 
time, or “time window”, for the rate of speed for a normal swallow?  For example, if a 
swallow has an average speed for hyolaryngeal elevation to total swallowing time 
between 175cm/ms to 190cm/ms, even for a stroke patient, then that swallow would still 
be recorded as a “normal” swallow.  While this experiment does not specifically look at 
this question, it does help to start formulating new ideas to answer the new questions. 
 The next test performed was a Pearson’s coefficient of correlation analysis to 
measure the level of association between variables and the accuracy with which one can 
predict one of the variables from the knowledge of the other.  We looked at the 
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relationship of hyoid excursion, laryngeal elevation, and overall timing to hyoid-
laryngeal latency.  The dependent variables were: (1) hyoid excursion and (2) laryngeal 
elevation that represented distance measurements calculated in centimeters, and (3) 
duration of hyoid-laryngeal elevation (overall timing) which represented the amount of 
time, in milliseconds, that it took the entire hyolaryngeal complex to move from 
minimum to maximum elevation during the swallow.  Hyoid-laryngeal latency was used 
as the independent variable measured in milliseconds, and represented the timing 
difference between the initiation of movements between the hyoid and the larynx.  The 
strongest predictability of association, r = 0.993, was found between the overall timing 
and hyoid-laryngeal latency within the experimental group data set.  While this 
relationship seems like an obvious association, the same relationship was analyzed in the 
control group and only produced a predictability of association of r = 0.573.  This leads 
us to believe that the changes in function of the musculature controlling the anatomical 
structures of interest, hyoid and larynx, and thus the overall decrease in speed seen in 
stroke patients can have a significant effect on the function of the swallows measured.  
The management of dysphagia and the prevention of complications for stroke patients are 
often considered in terms of (1) specific therapies available to improve recovery from 
dysphagia and (2) supportive measures to reduce the consequences of dysphagia.  Many 
different therapies have been described in the literature for swallowing difficulties 
following a stroke and there is not a clear evidence base for selecting one of these to use 
in a patient with particular characteristics (O’Neill, 2013).  If we can better understand 
the changes in speed rates and anatomical movements for specific stroke types we may be 
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able to better treat or even prevent some of the major clinical complications that can 
occur.   
 The Pearson’s coefficient of correlation also revealed the weakest predictability of 
association, r = 0.056, to be found between the laryngeal elevation and hyoid-laryngeal 
latency relationship in the experimental group.  This means that the changes in laryngeal 
movement and the hyoid-laryngeal latency times are not indicative of each other for the 
individuals that have had a stroke within this experiment.  The individual movements of 
the hyoid or the larynx revealed less predictor value than when combined and analyzed as 
a total time increment to the hyoid-laryngeal latency for both the experimental and 
control groups.  If given the opportunity for future study focusing on this issue, it would 
be interesting to see if other studies can come up with a different answer.  One would 
think that the individual movements would have some predictive quality of the overall 
movement of the swallowing complex.  The basic swallowing mechanism starts with 
trains of impulses from the cortices that produce a temporal summation on the brainstem 
swallowing center to trigger a swallow via the cranial nerves directly controlling the 
muscles involved (O’Neill, 2013); small distinct movements affecting the flow of the 
overall complex. 
 Non-statistical analyses that were completed within this experiment were on 
aspiration/penetration rates and basic analysis of the order of anatomical firing within 
both the experimental and control groups.  We found that the experimental group had 
average PAS score of 1.9 while the control groups had an average score of 1.0; one 
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hundred percent of the control group had 1.0 as a PAS score.  This supports our initial 
thought that higher aspiration/penetration rates will occur in our experiment group due to 
the neurological impact from the patients’ strokes.  As many as one-half of patients with 
stroke have a dysfunctional swallow and about one-third can be seen aspirating on video 
swallows (Armstrong & Mosher, 2011).  Among patients that aspirate almost one-half of 
the episodes are silent, meaning the patient is unaware that this is occurring; which can 
lead to aspiration pneumonia or even death (Armstrong & Mosher, 2011).  These 
statistics support the continuous need for further studies being performed in this area of 
medicine. 
 In the current study there was a lot of variability within the quality of the 
swallows measured in the stroke patients.  The majority of the experimental group 
produced normal PAS scores ranging from 1 to 2, but only two of the twenty 
experimental group subjects had the expected higher PAS scores: 7 out of 8.  To build on 
the results of this study, future studies should explore some of the following questions: 
What timing changes in these specific patients were responsible for the production of 
these scores?  How are these stroke patients anatomically different than the stroke 
patients with normal swallows?  Was there a lapse of time between the incidents of stroke 
and when the modified barium swallows were taken in comparison to the rest of the 
patients?   
 There is a lack of significance within most of the data analyses completed in this 
study.  This lack of significance could be due in part to the stroke patients in the 
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experimental group that had relatively good swallows that were thus measured as normal; 
normalizing the experimental group.  In future studies, it would interesting to attempt to 
answer the questions formulated above.  To do this one would need to do individual 
analysis on the patients who presented high PAS scores.  By localizing the areas of 
difficulty (i.e. the muscles hindered by the stroke, the amount of decrease or increase of 
speed rate of the hyoid or the larynx, the overall shape change of the hyolaryngeal 
complex, etc.) one may be able to begin to pinpoint the area in which the stroke took 
place.  By identifying the stroke location in the brain, we can then identify the different 
types of strokes and begin to answer even more specific questions.  Because of the broad 
range of patients affected and the variety of symptoms they display, there is a need to 
examine the effects of stroke in a more focused way, comparing each specific stroke 
category (e.g., ischemic, intra-cerebral hemorrhagic, etc.) and their individual affects on 
dysphagia.     
 A second non-statistical analysis was looking at the order of anatomical firing 
during the swallows of both the control and experimental groups.  We found that 40% of 
the experimental group revealed a reverse order of anatomical firing during their 
swallows.  The laryngeal complex initiated movement prior to the hyoid movement 
during a swallow, which is the opposite of a normal swallow.  Although this information 
was not significant enough in this experiment to make a difference, it may be a beginning 
to a more important question that has yet to be asked.  Aspiration is common in the early 
recovery period following stroke; disordered pharyngeal sensation and disordered 
anatomical firing is an important concomitant of this and should be carefully analyzed in 
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as many patients with stroke as possible (Kidd & et al, 1993).  Future studies should 
include a larger population of stroke patients, divided into subsets based on the type of 
strokes they had and the locations of those strokes.  A clearer understanding of the 
cerebral sources of these strokes will aid interpretation of the sources of the alterations in 
anatomical firing order. 
 Although the results obtained during this thesis were not what we expected, there 
are many other potential experiments that can come out of it.  While this study had some 
limitations, from the acquisition of subjects from only one medical database to the 
simplistic data point analysis using ImageJ, it still produced results that can be used in 
future experimentation.  If given the opportunity to continue this work or re-do this 
experiment there are a few things that could be done differently.  Future studies should 
attempt to make the subject pool larger and even more diverse.  Increase the groups from 
20 subjects to a minimum of 50 and find the patients from more than just the Boston 
Medical Center’s database.  This would allow for a greater diversity within the subject 
pool and for time interval analysis as well.  These additional studies should also attempt 
to look at the stroke patients’ video swallows within one month of the cardiovascular 
infarct (stroke), then at six months and at two years post-episode.  This would allow for a 
more in-depth analysis of the predictor variables and their influences in the long term.  
Future studies should also look into the differences between stroke types and the 
variables talked about within this thesis.  While these additional questions would create a 
significant amount of limitations, the time required for this kind of study would allow for 
plenty of problem solving strategies to be developed.  Such studies would contribute 
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valuable insights to our understanding of the anatomical underpinnings of normal 
swallowing and dysphagia. 
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APPENDICES 
Appendix A: 
Methods of Chapter 7 (Pearson’s Dissertation) - The Clinical Relevance of the Two-
Sling Mechanism for Hyolaryngeal Elevation: a Videofluoroscopic Study of Post-
Treatment Head and Neck Cancer Patients 
 
 Under a research protocol approved by the Boston University Medical Campus 
Institutional Review Board, a review of patient records was used to establish a control 
group and test group for the current study. All of the data in the current study were 
collected from these patients’ modified barium swallows (MBS), imaging studies that 
were collected under routine radiographic protocols approved by Boston Medical Center. 
A Speech Language Pathologist in collaboration with a Radiologist who manually 
operated the fluoroscope conducted the MBS studies. During the MBS protocol an 
attempt was made to attach a radiopaque marker to each subject as an external scalar. 
Images were produced by a GE Precision Fluoroscopic unit and recorded digitally by a 
computer workstation at 30 frames/second. QuickTimeTM software was used to trim 
each imaging study to include one episode of cued lateral view 5ml swallows of thin 
liquid barium solution. 
 Ninety-three patients seen by otolaryngology with MBS studies were identified. 
All etiologies of dysphagia related to post treatment head and neck cancer (HNC) were 
placed in a group (n=28) and patients complaining of swallowing difficulty but were 
assessed as either having no to mild dysphagia (‘normal’) were placed in another group 
(n=45). Of the 28 subjects in the HNC group, two lacked scalars and five could not be 
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age or gender matched with the ‘normal’ group. This left a final cohort of 21 subjects 
each in the test and control groups. In each group 7 were female and 14 male. The mean 
age and standard deviation of the test group was 63.86±13.17 years old, and the control 
group was 63.00±11.37 years old. To evaluate size differences, a C2-C4 measurement 
(distance from the anteroinferior corner of the second cervical vertebral body to the 
anteroinferior corner of the fourth cervical vertebral body) was taken as a proxy for body 
size. A two-tailed t-test indicated no significant difference in C2-C4 distance between 
groups (control: 3.22±0.64 cm, test 3.53±0.38 cm). 
 Swallowing outcomes, spatial, and temporal data were collected from video files 
using Image J image analysis software equipped with QuickTimeTM plug-ins 
(http://rsbweb.nih.gov/ij). Raters blinded to the group assignment analyzed video files. 
Reliability was tested for all measurements by using a second judge to re-measure 
variables in 50% of MBS studies. Interrater reliability is reported in Table 8. In 
swallowing episodes requiring more than one swallow to clear the bolus, measurements 
were taken of the first swallow. 
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Table 8: Inter-rater reliability of each swallowing outcome and kinematic measurement is 
determined by Intraclass correlation coefficients. 
 
 Swallowing outcomes focused on penetration and aspiration of the bolus during 
swallowing and the amount of residue after swallowing (Steele et al., 2011). To measure 
penetration and aspiration we used a 1-8 ordinal scale called the Penetration-Aspiration 
Scale (PAS) as described and validated elsewhere (Rosenbek et al., 1996). In this scale 1 
is considered normal. PAS scores of 2-6 indicate penetration of the bolus into the 
laryngeal vestibule with higher numbers indicating greater severity of 
penetration.  Scores of 7-8 indicate aspiration. To quantify residue we used the 
Normalized Residue Ratio Scale (NRRS) for the valleculae and piriform sinuses as 
described elsewhere (Pearson et al., 2012b). The NRRS is a continuous measurement that 
incorporates the ratio of residue relative to pharyngeal space (valleculae and piriform 
sinuses) and the amount of residue scaled by an internal anatomical scalar (C2-C4 
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measurement described above). Differences in PAS in the two groups were compared 
using Mann Whitney U tests, and differences in NRRS for the valleculae and piriform 
sinuses were compared using two-tailed t-tests with Bonferroni correction (α=.05, 
p<.025). 
 Kinematic data collected from video files included duration and excursion 
distance measurements representing the anterior and posterior sling. The movement of 
the hyoid towards the mandible represented the action of the anterior muscular sling 
(AMS). The movement of the posterior thyroid cartilage towards the cranial base 
represented the action of the posterior muscular sling (PMS). Each AMS and PMS time 
and distance measurement was measured at minimum and maximum elevation. For the 
AMS, the minimum position was defined as one frame prior to the first rostral movement 
of the hyoid after the bolus passes into the hypopharynx. This is commonly referred to as 
“the first jump of the hyoid”. Maximum position for the AMS was defined as where the 
hyoid reached its most rostral position during the swallow. For the PMS, the minimum 
position was defined as one frame prior to the first rostral movement of the larynx after 
the bolus is transferred from the oral cavity to the hypopharynx. Maximum position for 
the PMS was defined as where the larynx reached its most superior position during the 
swallow. Duration of AMS sling activity was defined as the duration of hyoid excursion 
(from minimum to maximum position), and duration of PMS activity was defined as 
duration of posterior thyroid cartilage excursion. To determine whether either the AMS 
or PMS is reduced in function in the test group, duration of action in test and control 
groups was compared using two-tailed t-tests with Bonferroni correction (α=.05, p<.025). 
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 Excursion of the hyoid (representing the action of the AMS) and movement of the 
posterior thyroid cartilage toward the cranial base (representing the action of the PMS) 
were calculated using an anatomical land-marking technique designed to track the 
components of the two-sling mechanism of hyolaryngeal elevation (Pearson et al., 2012, 
Chapter 5). In this method, nine two-dimensional coordinates of anatomical landmarks 
that map three skeletal levers and features of the hyolaryngeal complex are collected at 
minimum and maximum elevation of hyolaryngeal structures. Coordinates were 
mathematically converted into excursion distances of the hyoid and larynx. To determine 
whether either the AMS or PMS is reduced in function in the test group, excursion 
distances in both groups were compared using two-tailed t-tests with Bonferroni 
correction (α=.05, p<.025). 
 Pharyngeal constriction is also associated with poor swallowing outcomes. To 
evaluate differences in pharyngeal constriction between test and control groups, the 
Pharyngeal Constriction Ratio (PCR) was measured using the lateral view MBS studies 
(Leonard et al., 2011). PCR is a ratio of the area of the hypopharynx at maximum 
constriction to the area of the hypopharynx at rest. Significance of differences in PCR 
were determined using a two-tailed t-test. 
 Anatomical coordinates used to calculate kinematic variables were also used to 
evaluate shape changes associated with hyolaryngeal elevation (Chapter 6). In each 
videofluoroscopy frame, nine coordinates map the elements of the two-sling mechanism 
for hyolaryngeal elevation. Our coordinate data set included: nine coordinates for each 
subject at minimum excursion for the test group and control group; and nine coordinates 
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mapping these same landmarks at maximum excursion for the test group and control 
group. MorphoJ, software for geometric morphometric analysis, was used to perform a 
procrustean fit of all coordinates (Fig. 46) (Klingenberg, 2011). 
 The procrustean fit resolved differences in scale and rotation between all subjects 
at both excursion points. Following the procrustean superimposition of coordinates, a 
covariance matrix was generated and used for canonical variate analysis. Canonical 
variate analysis is a multivariate analysis of covariance similar to principal component 
analysis, though in this study the data are grouped by a priori classification for 
comparison of mean shape changes by group (Klingenberg and Monteiro, 2005). We 
grouped sets of 9 coordinates in two classifications: by condition (test and control group) 
and excursion (minimum and maximum position of the hyolaryngeal complex). 
 The canonical variate analyses generated several sources of data that were 
ultimately used to describe shape changes by classification. Each CV was assigned an 
eigenvalue. Eigenvalues, like beta coefficients, are used to indicate how much of the 
covariance is explained by each CV. A scatter plot of the first two CV’s was generated. 
In this scatter plot, each overall shape (set of nine coordinates) was given a CV score 
(Mahalanobis distance) coded by classification variable (control group at minimum 
excursion, control group at maximum excursion, test group at minimum excursion, test 
group at maximum excursion) to visually demonstrate relationships between 
classifications and CVs. The classification variable that most thoroughly distinguishes the 
data in the scatterplot is considered to be the primary source of variation in those data. A 
CV score, or Mahalanobis distance, is a standardized dimensionless quantity that 
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describes the overall shape change variance of a subject against the mean of all shape 
change in the sample. It functions similarly to a z-score in univariate analysis indicating 
how many standard deviations an observation lies from the mean. A smaller D-score 
indicates a configuration that is closer to the mean, which we interpret as less overall 
shape change. 
 Within each canonical variate in this study, eigenvectors were assigned to each of 
the nine coordinates to indicate the direction of shape change for each coordinate within a 
CV. Eigenvectors were graphed with wireframes comparing the excursion of the 
hyolaryngeal complex in the test and control groups. We predicted that the control group 
would have greater Mahalanobis distance (D-scores), indicating a bigger difference in 
covariant shape change attributable to more robust action of the two-sling mechanism in 
hyolaryngeal elevation. We also predicted shape change differences as represented in 
eigenvector wireframes between control and test group would indicate reduced function 
of the two-sling mechanism of hyolaryngeal elevation. 
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